A B S T R A C T The feeding of cholesterol-rich diets alters the serum lipoproteins of a number of mammalian species. These lipoproteins are characterized by the presence of several classes of particles enriched in cholesteryl esters and apolipoprotein E (apo E). It was the aim of this study to determine whether one or more of these particles arises by de novo hepatic synthesis by characterizing nascent lipoproteins isolated from the hepatic Golgi apparatus of hypercholesterolemic rats. Characterization of these lipoproteins afforded the opportunity to assess morphologic, biochemical, and biophysical properties of newly synthesized lipoproteins before enzymatic alterations and apoprotein transfer known to occur after secretion into the plasma compartment. Golgi very low density lipoproteins (VLDL, d < 1.006 g/ml) from hypercholesterolemic rats contained nearly four times the total cholesterol mass found in control Golgi VLDL. They exhibited electrophoretic mobility intermediate between beta and pre-beta and were devoid of apo C. A second population of hepatic Golgi lipoproteins was isolated from hypercholesterolemic rats at 1.006-1.040 g/ml d. These low density lipoproteins were smaller than VLDL, displayed beta electrophoretic mobility, were enriched in cholesteryl esters, and contained apo E as well as apo B. The fatty acid composition of the core lipids of the nascent lipoproteins was found to reflect that of dietary triglyceride. The liver of the hypercholesterolemic rat thus plays an active role in dietary-induced hypercholesterolemia by synthesizing a modified VLDL and a low density lipoprotein resembling serum low density lipoprotein.
A B S T R A C T The feeding of cholesterol-rich diets alters the serum lipoproteins of a number of mammalian species. These lipoproteins are characterized by the presence of several classes of particles enriched in cholesteryl esters and apolipoprotein E (apo E). It was the aim of this study to determine whether one or more of these particles arises by de novo hepatic synthesis by characterizing nascent lipoproteins isolated from the hepatic Golgi apparatus of hypercholesterolemic rats. Characterization of these lipoproteins afforded the opportunity to assess morphologic, biochemical, and biophysical properties of newly synthesized lipoproteins before enzymatic alterations and apoprotein transfer known to occur after secretion into the plasma compartment. Golgi very low density lipoproteins (VLDL, d < 1.006 g/ml) from hypercholesterolemic rats contained nearly four times the total cholesterol mass found in control Golgi VLDL. They exhibited electrophoretic mobility intermediate between beta and pre-beta and were devoid of apo C. A second population of hepatic Golgi lipoproteins was isolated from hypercholesterolemic rats at 1.006-1.040 g/ml d. These low density lipoproteins were smaller than VLDL, displayed beta electrophoretic mobility, were enriched in cholesteryl esters, and contained apo E as well as apo B. The fatty acid composition of the core lipids of the nascent lipoproteins was found to reflect that of dietary triglyceride. The liver of the hypercholesterolemic rat thus plays an active role in dietary-induced hypercholesterolemia by synthesizing a modified VLDL and a low density lipoprotein resembling serum low density lipoprotein. INTRODUCTION Hypercholesterolemia, induced by a cholesterolenriched diet, is associated with distinctive modifications in the lipoproteins of both atherosclerosissusceptible and resistant species (1) . In experimental animals, such diets are often supplemented with saturated fat, conjugated bile salts, and antithyroid agents. One or more of the following changes have been observed in cholesterol-fed animals and humans: appearance of a beta-migrating very low density lipoprotein (B-VLDL);' increase in the intermediate (IDL) and low density (LDL) lipoproteins; decrease in normal alpha,-migrating high density lipoproteins (HDL); and prominence ofan alpha2-migrating lipoprotein, HDL4. B-VLDL are cholesterol-enriched lipoproteins isolated at d < 1.006 g/ml that display beta electrophoretic mobility, and are similar to the B-VLDL present in the serum of patients with Type III hyperlipoproteinemia (2) . HDL, are similar to LDL with respect to size and lipid composition, but are different from LDL in that HDL2 contain apolipoproteins (apo) E and A, as major apoproteins and do not contain apo B, the major apoprotein of LDL (1, 3) . A common feature shared by cholesterol-induced B-VLDL, IDL, LDL, and HDL4 is enrichment in cholesteryl ester and apo E, and as the plasma cholesterol levels increase, these four classes of lipoprotein particles assume the major share of cholesterol and apo E transport from HDL. Both biosynthetic and catabolic mechanisms have been suggested for the origin of cholesterol and apo E-enriched lipoproteins. Roheim than control livers, and 87% of this cholesterol was carried in the d < 1.019-g/ml lipoprotein fraction. Cholesterol feeding has also been shown to increase apolipoprotein synthesis rates as measured by labeled amino acid incorporation into VLDL synthesized either by rabbit liver slices (5) or by the intact rat (6) . In vivo turnover studies suggest that cholesterol feeding results in an increased synthesis of apo E (7), which may be associated with the synthesis of one or more of the cholesterol-enriched lipoprotein classes.
On the other hand, the studies of Redgrave et al. (8) and Ross and Zilversmit (9) suggest that in the cholesterol-fed rabbit cholesterol-enriched lower density lipoproteins arise as a consequence of catabolism within the plasma compartment. These investigators have presented evidence that cholesterol-enriched chylomicron remnants accumulate in the plasma of these animals. These remnants could contribute significantly to the increased concentrations of lower density lipoproteins because of impairment or saturation of the hepatic clearance mechanism for remnants.
We investigated hepatic lipoprotein synthesis in the hypercholesterolemic (HC) rat by characterizing the lipoproteins released from the isolated hepatic Golgi apparatus of these rats. This method of studying lipoprotein synthesis was chosen because it afforded the opportunity to assess the morphologic, biochemical, and biophysical characteristics of nascent particles before enzymatic modifications and apoprotein transfer known to occur as a postsecretory event. The results to be presented demonstrate that the HC rat liver synthesizes a cholesterol-enriched VLDL Isolation of lipoproteins from serum and hepatic Golgi apparatus. Under light ether anesthesia, rats were exsanguinated from the distal abdominal aorta, and the blood was permitted to coagulate at 4°C. Serum was separated by centrifugation at 2,000 rpm for 30 min at 4°C. Serum lipids were determined on pooled or individual serum samples. Lipoproteins were isolated from pooled serum.
Immediately after exsanguination, livers were excised, and the Golgi apparatus was isolated from liver homogenates according to a modification2 of the procedures of Morre et al. (10) and Mahley et al. (11) . The livers were minced finely with scalpel blades and placed in a homogenization buffer (1.5 ml/g wet wt liver) consisting of 0.1 M phosphate buffer (pH 7.3), 0.25 M sucrose, 0.1% dextran (Sigma Chemical Co.), and 0.01 M MgCl2. The minced livers were homogenized for 15-18 s with a Polytron homogenizer at setting 0.5 (model PT-10, Brinkmann Instruments, Inc., Westbury, N. Y.). The homogenate was centrifuged in an SW 27 (Beckman Instruments Inc., Spinco Div., Palo Alto, Calif.) rotor at 4°C at 2,500 rpm for 10 min and 9,500 rpm for 30 min using a Beckman L3-50 ultracentrifuge. The upper one-third ofeach pellet was resuspended in 5.0 ml of the homogenization buffer, layered on sucrose pads consisting of 23 ml of 1.25 M sucrose, and centrifuged in an SW 27 rotor in the following manner: 5,000 rpm for 10 min, 10,000 rpm for 10 min, and 25,000 rpm for 45 min. At the end of the centrifugation, the band (Golgirich fraction) at the interface was recovered, diluted with cold saline, and pelleted in the SW 27 rotor at 20,000 rpm for 30 min.
When isolating Golgi-rich fractions from rats fed the cholesterol diet, an additional wash of the final pellet at 1.59 x 106 g-min was necessary to remove contaminating particulate lipid. This particulate lipid was assumed to arise from cytoplasmic lipid droplets that were observed in the livers of these rats by electron microscopy. The Golgi-rich fractions were studied by negative staining electron microscopy using 2% phosphotungstic acid.
To release nascent lipoproteins, the Golgi-rich pellet was suspended in 0.04 M sodium barbital buffer, pH 8.5, and passed twice through a French pressure cell (American Instrument Co., Travenol Laboratories, Inc., Silver Spring, Md.), according to Ehrenreich et al. (12) . The density of the suspension was then adjusted to 1.006 g/ml with 0.52 M NaCl, and the lipoproteins were isolated by preparative ultracentrifugation. VLDL from chow-fed and LPT-fed controls were isolated from the Golgi apparatus using a Beckman type 40 rotor in an L3-50 ultracentrifuge at 35,000 rpm for 20 h at 4°C. The VLDL were removed by tube slicing in a volume of -2 ml, resuspended in 0.15 M NaCl-0.01% EDTA, pH 7.2, and washed once by recentrifugation under identical conditions. The infranates did not contain sufficient quantities of lipoproteins to permit characterization. VLDL were isolated from the Golgi apparatus of rats fed the cholesterol diet using a Beckman 60 Ti rotor spun at 48,000 rpm for 16 h. The 60 Ti rotor was necessary because of the larger volumes of Golgi membrane suspensions from these rat livers. The VLDL fraction, removed by tube slicing, contained small amounts of particulate lipid, which was separated from the VLDL as described below. The density of the infranate was raised to d = 1.040 g/ml and centrifuged at 48,000 rpm for 20 h in the 60 Ti rotor. The lipoproteins floating at this density were designated HC Golgi LDL.They were removed by tube slicing and washed in the 40 rotor at 35,000 rpm for 20 h.
The particulate lipid was separated from the VLDL by centrifuging the d < 1.006-g/ml fraction for 3 x 106g-min in an 2 R. L. Hamilton, personal communication.
SW 39 rotor, and removed by tube slicing in a volume of 0. Agarose gel electrophoresis. Electrophoretic mobility of lipoproteins was determined by a modification of the method of Noble (14) , using 0.8% agarose (Bio-Rad Laboratories, Richmond, Calif.) in 50 mM barbital buffer, pH 8.6, containing 0.2% bovine serum albumin (Sigma Chemical Co.).
Analytical methods. Total serum cholesterol was determined on ethanol-ethyl acetate extracts as described by Babson et al. (15) . Serum triglycerides and phospholipids were quantitated by gas-liquid chromatography after separation of lipid classes by thin-layer chromatography and methylation of the fatty acids of the lipid esters (16) . Samples were run on a Varian 2100 gas chromatograph (Varian Associates, Inc., Instrument Group, Palo Alto, Calif.) equipped with 6 ft x ¼4 in. glass columns, packed with SP-2340 on 100/120 mesh Supelcoport (Supelco, Inc., Bellefonte, Pa.) using N2 carrier gas at a flow rate of 60 ml/min. Temperature was programmed from 175-225°C at 6°/min, and detection was by flame ionization. Quantitation was performed by reference to internal standards of trieicosenoin (C20: 1) (Nu-Chek Prep, Elysian, Minn.) and ditetradecanoyl-L-alpha lecithin (C14:0) (Supelco, Inc.). Peak areas were computed on a Varian Integrator, model 485, and summed peak areas related to that of the standard. Peaks were identified by comparison with standard mixtures of fatty acid methyl esters (Nu-Chek Prep).
Serum lipoprotein protein was estimated by the method of Lowry et al. (17) using bovine serum albumin as standard and Triton X-100 to extinguish turbidity. To conserve material, Golgi lipoprotein protein was estimated by the Coomassie microprotein assay (18) , using the bovine serum albumin standard.
Lyophilized lipoproteins were delipidated on a multipurpose rotator, using the solvent system of Bersot et al. (19) . The total lipid extract was separated into individual lipid classes on silica gel 60 (EM Laboratories, Elmsford, N. Y.) thin-layer plates developed in petroleum ether, diethyl ether, acetic acid, 80:20:1. For quantitation of lipids, the individual lipid classes were visualized by iodine vapors, identified by reference to standards (nonpolar lipid mix A, Supelco, Inc.), scraped from the plates, and eluted from the gel (20) . Cholesterol (free and esterified) was analyzed by the method of Babson et al. (15) , triglyceride according to Van Handel and Zilversmit (21) , and phospholipid according to Bartlett (22) . For fatty acid analysis of individual lipid esters, the lipid spots were visualized by rhodamine 6G, and scraped from the plates. Fatty acid methyl esters were prepared and analyzed by gas-liquid chromatography as described above.
To determine fatty acid composition ofdietary triglycerides, portions of the control or experimental diet were extracted according to Folch et al. (23) . The triglycerides were isolated by thin-layer chromatography and the fatty acids analyzed by gas-liquid chromatography as described above.
Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. The spectrum of apoproteins associated with HC and chow-fed Golgi and serum lipoproteins was analyzed by a modification ofthe SDS gel electrophoretic method ofWeber and Osborn (24) . 30 ,ug of delipidated protein were completely solubilized at 37°C in 0.4% SDS, 0.05 M Tris, 0.38 M glycine buffer, pH 8.2, and applied to 11% polyacrylamide gels prepared in the same buffer containing 0.1% SDS. Proteins were migrated at 2 mA/gel, stained for 1.5 h with 0.1% (wt/vol) Coomassie Brilliant Blue, and destained.
The apoprotein bands were identified on the basis of molecular weights, as determined by reference to purified protein standards, and by comparison to published SDS gel electrophoretograms of rat apolipoproteins (1).
To quantitate cholesterol-induced alterations in Golgi VLDL apoprotein distribution, rats were anesthetized with sodium pentobarbital and injected intravenously in thejugular bulb with 75 ,uCi of DL-[4,5_3H]leucine (50 Ci/mmol, New England Nuclear, Boston, Mass.). 15 min after injection the rats were killed and the Golgi apparatus and associated lipoproteins were isolated. This time period was chosen because Nestruck and Rubinstein (25) have shown that the specific activity of the Golgi VLDL protein is maximal 15 min after injection of [3H]leucine. The radioactive Golgi apo VLDL was separated on SDS gels as described above. Stained protein bands and unstained regions were sliced from each gel and prepared for liquid scintillation counting (26) . Gel slice samples were counted in a Beckman LS 233 liquid scintillation counter. Because quenching was the same in all samples, no quench correction was necessary. In all cases >82% of the radioactivity applied to the gels was recovered.
Statistical analyses. Significance ofthe data was evaluated by grouped Student 2a ). In contrast HC Golgi vesicles, seen in Fig. 1C, D , and E, contained particles with smaller diameters than those seen in chow-fed control vesicles. This shift to smaller diameters can be readily seen in the histograms (Fig. 2a, b, c) . In addition, the HC Golgi vesicles appeared to contain an additional population of lipoproteins with diameters as small as 200-300 A. (Fig.   2c ). The size of these particles is characteristic of plasma lipoproteins normally found in the LDL range (1) . These small particles were not observed in Golgi vesicles isolated from either chow-fed or LPT-fed control rat livers. It was because of the observation of these small particles within the HC Golgi vesicles that attempts were made to isolate lipoproteins from HC Golgi preparations at densities >1.006 g/ml. Fig. 2d , e, and f present the particle size distributions of isolated Golgi VLDL from chow-fed, LPT-fed, and HC rats. Golgi VLDL from chow-fed rats (Fig. 2d ) averaged 555 A Diam, whereas Golgi VLDL from LPT-fed and HC rats averaged -480 A (Fig. 2e, f) . Golgi lipoproteins in the 1.006-1.040-g/ml d range could only be isolated from HC rat livers. These LDL ranged from 200 to 400 A in size with a mean of 297 A (Fig. 2g) . Agarose gel electrophoresis. Figs. 3A and 3B present agarose electrophoretograms of control and HC serum, control and HC Golgi VLDL, and HC Golgi LDL. HC Golgi VLDL migrated with a mobility intermediate between beta and pre-beta, whereas chow-fed control Golgi VLDL migrated with characteristic pre-beta mobility. (Fig. 3A) . The HC Golgi LDL fraction contained only beta migrating lipoproteins (Fig. 3A) . Golgi VLDL from LPT-fed rats exhibited pre-beta mobility (Fig. 3B) .
Lipoprotein compositional studies. The chemical compositions of VLDL isolated from hepatic Golgi apparatus of HC, chow-fed, and LPT-fed control rats are presented in Table II . The composition of HC Golgi VLDL was significantly different from both LPT-and chow-fed control Golgi VLDL. Triglyceride comprised 40% of the mass of HC Golgi VLDL compared with 64.5% in chow-fed control and 66.8% in LPT-fed Golgi VLDL. Cholesteryl esters of HC Golgi VLDL were increased nearly threefold compared with LPT-fed Golgi VLDL and fourfold compared with chow-fed Golgi VLDL. HC Golgi VLDL contained significantly less phospholipid and more protein than chow-fed control Golgi VLDL. Table III presents the compositions of HC Golgi and serum LDL. The composition ofthese lipoproteins was very similar, with cholesteryl esters comprising -50% of the mass of each particle.
Fatty acid composition of dietary triglycerides and Golgi lipoprotein cholesteryl esters and triglycerides. Table IV presents the fatty acid composition of the dietary triglycerides, and cholesteryl esters and triglycerides of nascent lipoproteins from chow-fed control and HC rats. In both control and HC rats, 16:0, 18:1, and 18:2 were the major triglyceride and cholesteryl ester fatty acids. However, the percentage of 18:1 was significantly greater in HC Golgi VLDL triglycerides and cholesteryl esters than in the respective lipid classes from chow-fed control rats (P < 0.05). A chow-fed control rats was analyzed by SDS polyacrylamide gel electrophoresis. As has been reported i -* (27) Table V . Apo B accounted for 50% of VLDL apoprotein radioactivity in control rats, and 61% FIGURE 3 Agarose gel electrophoretograms of serum and in HC rats. The percentage of leucine incorporated hepatic Golgi lipoproteins from chow-fed control and HC rats (A) and LPT-fed rats (B). Samples were electrophoresed into apo E of Golgi VLDL was the same in the two in 0.8% agarose and stained with oil red 0. Gels in A and B groups. Less than 5.0% of the radioactivity was inwere run at differeint times.
corporated into the C apoproteins of Golgi VLDL from control rats whereas none was present in the C apoproteins of Golgi VLDL from HC rats. In both control and HC groups, 10% of the radioactivity was incorporated into apoproteins whose molecular weight ranged between 50,000 and 77,000 (high molecular weight [HMW1 proteins). Fig. 5 shows the SDS polyacrylamide gels of HC serum and Golgi LDL. The major apoproteins associated with both LDL fractions were apo B and apo E. Smaller amounts of slower migrating HMW proteins were also seen.
DISCUSSION
Our study has shown that the livers of rats made hypercholesterolemic by feeding diets containing cholesterol, lard, taurocholate, and propylthiouracil synthesize (a) a cholesterol-enriched VLDL and (b) a cholesteryl ester-rich, beta-migrating LDL containing apo E, as well as apo B, as the major apoproteins. In contrast, the livers of rats fed identical diets without cholesterol (LPT-diet) or fed chow, synthesize a triglyceride-rich VLDL, but do not synthesize the cholesteryl ester-enriched LDL. These findings indicate that abnormal hepatic lipoprotein synthesis Golgi VLDL isolated from the liver of the HC rat differ from control Golgi VLDL in their morphologic, electrophoretic, and biochemical characteristics. Chowfed control Golgi VLDL averaged 555 A Diam and displayed pre-beta mohility on agarose. As has been reported (11) these nascent lipoproteins were triglyceride-rich particles (see Table II ).
[3H]leucine incorporation into chow-fed control Golgi VLDL demonstrated that apo B and apo E were major apoproteins, comprising 50.7 and 24.2% of the total apoprotein radioactivity, respectively, whereas apo Al and apo C were minor apoproteins (Table V) . In contrast, HC Golgi VLDL were smaller, slowermigrating particles, enriched fourfold in cholesteryl ester. The decreased particle diameter of HC Golgi VLDL may be a result ofthe increased degree ofsaturation of the fatty acids of the lipid esters compared with chow-fed control. Wilcox et al. (30) have shown that VLDL secreted by perfused livers after infusion of saturated fatty acids have slower rate zonal mobility in the ultracentrifuge and are probably smaller particles than VLDL produced after infusion of unsaturated fatty acids. It would not be unexpected then that feeding diets rich in saturated fatty acids might lead to the production of smaller VLDL particles than those synthesized by rats on control diets. In support of this hypothesis, Golgi VLDL from rats fed the saturated fat diet without cholesterol (LPT diet) were identical in size to HC Golgi VLDL. The decreased electrophoretic mobility of HC Golgi VLDL may be due to the absence of apo C as shown by SDS gel electrophoresis and [3H]leucine incorporation studies. HC Golgi VLDL contained relatively more apo B and similar percentages ofapo E compared with control (Table V) .
This investigation has shown also that the liver of the HC rat assembles a lipoprotein in the 1. shown also that the clearance of chylomicron remnants in the cholesterol-fed rabbit is impaired. Therefore, the accumulation of chylomicron remnants in the plasma of cholesterol-fed rabbits could contribute significantly to the increased concentration of lower density lipoproteins found in these animals.
On the other hand Kris-Etherton and Cooper (32) and Cooper and Yu (33) have demonstrated that there is no defect in removal of chylomicron remnants either in intact HC rats or in the perfused livers from these animals. The ability of the HC rat to clear chylomicron remnants as effectively as normal rats suggests that the cholesterol-induced serum lipoproteins arise by synthetic mechanisms. Several studies support this hypothesis. Kris-Etherton and Cooper (32) reported an increased hepatic secretion of cholesterol-rich VLDL by the perfused liver from HC rats.
Noel et al. (28) have reported also that the liver of the HC rat secretes abnormal cholesterol carrying lipoproteins found in the VLDL and LDL density ranges. Our finding of cholesterol-enriched VLDL and LDL in the Golgi apparatus of HC rat livers is further evidence that abnormal hepatic lipoprotein synthesis contributes to dietary-induced hypercholesterolemia.
The de novo synthesis of LDL by the HC rat liver is significant in light of the concept that LDL arise solely from VLDL catabolism. Several recent studies in humans and animals have suggested the presence of a de novo synthetic pathway for LDL. Soutar et al. (34) found that LDL apo B flux in patients with homozygous familial hypercholesterolemia was 50-100% greater than their VLDL apo B flux, implying a direct secretion of LDL (or IDL) into the plasma compartment. Berman et al. (35) furnished kinetic evidence for VLDL-independent apo B secretion in patients with Type III hyperlipoproteinemia. Illingworth (36) calculated that in the squirrel monkey as much as 14% of the LDL fraction (1.019-1.063 g/ml d) might be secreted directly. Fidge and Poulis (37) in studies with rats reported that 85-94% of the LDL with Sf 0-5 (1.040-1.063 g/ml d) is secreted directly into the plasma compartment. Our findings complement these studies and provide direct evidence for a de novo hepatic synthesis of LDL in an animal model of hypercholesterolemia.
Our study has shown that the HC rat liver synthesizes a cholesterol-enriched VLDL and a low density lipoprotein similar to cholesterol-induced serum LDL. Our findings, coupled with the findings of Noel et al. (28) 
